ABSTRACT
INTRODUCTION
Ice shelves are sensitive components of the Antarctic ice sheet due to their natural cycle of mass loss, primarily through iceberg calving and basal melt, making them important indicators of climate change [18] . With the vast amount of ice stored in the Antarctic ice sheet, any increased mass loss can have significant effects on the water budget, and hence major implications for global sea level and ocean currents which, in turn, can affect global climate [20] . Furthermore, the very presence of ice shelves affects the continental flow of the grounded ice sheet towards the coast via the ice shelf systems by shielding these systems from a potential major retreat [8] . The continuing temperature increase across the entire Antarctic continent [24] and the recent retreat and disintegration of several ice shelves [22] , [23] have emphasized the need for us to better understand the mechanisms that are responsible for iceberg calving.
Iceberg calving from ice shelves accounts for up to 75% of the total loss [13] . These icebergs form when the ice shelf ruptures, typically along lines of pre-existing weaknesses or rifts. Rifts, which are fractures that penetrate through the entire ice thickness, originate in regions of high stress, such as the ice shelf side margins, ice rises, or in areas of intense longitudinal stretching of the ice [25] , [26] . Thus rifts are responsible for the production of large icebergs and can cause large parts of the ice shelf to collapse. While the removal of ice from the ice shelf does not significantly affect sea level rise since the ice shelf is freely floating, it may increase flow from the interior of the ice sheet (the so-called "buttressing" effect). This can eventually have an impact on local, regional and global sea level as evidenced by the 4th Assessment Report from the Intergovernmental Panel for Climate Change which suggests that both the Antarctic and Greenland ice sheets are losing mass, resulting in a contribution of about 0.42 mm per year to global sea level for the period 1993-2003. Several studies have investigated ice shelf rift propagation using different techniques including satellite imagery, InSAR, satellite altimetry, GPS and seismic observations. These studies have revealed that rift propagation is driven primarily by the internal glaciological stress of the ice shelf and occurs in episodic bursts [2] , [15] . Propagation rates on the Amery Ice Shelf are seasonally dependent with significantly higher rates in the summer period [10] and the collection of ice and snow trapped inside the rift (often called ice mélange) may potentially play a role in the rifting process [9] , [17] .
Previous analysis of rift propagation on the Amery Ice Shelf was investigated by [2] using 46 days of GPS data, processed in kinematic mode, and incorporating seismic observations to detect "icequakes". It was revealed that propagation occurs in episodic bursts lasting about 4 hours, with bursts separated by 10-24 days. The investigation of nearby automatic weather station data and tidal amplitudes seen in the GPS data showed that these bursts are not directly caused by winds or tides, suggesting that the primary driving force is the glaciological stress of the ice shelf. This present study is based on the same GPS dataset but has a different focus. The aforementioned studies have concentrated on the dynamics of rift propagation rather than closely investigating the strain rate in the vicinity of the rift tip. We also use different GPS analysis techniques to those of [2] .
Knowledge of strain at different locations on an ice shelf is of significant importance since it is a determining factor in ice dynamics, especially in initiating ice shelf breakup [11] . Vertical strain is an important parameter in determining the rate of ice shelf thickness change and bottom melt rates.
Changes in the climatic conditions on the ice shelf, e.g. caused by an increase in ocean or atmospheric temperature or a change in snow accumulation, may be reflected in strain rate changes. Strain rates can be determined by measuring changes in distances between several points, usually arranged in triangles or quadrilaterals, over time. One-dimensional strain is defined in terms of an extension or contraction of a line, while shear strain is defined in relation to the angular change between two perpendicular lines (i.e. two-dimensional). If the vertical component is also considered, a three-dimensional strain model is obtained [3] . Alternatively, vertical strain can generally be calculated through the continuity equation [5] . However, this paper concentrates on horizontal (2-d) strain rates.
We investigate the horizontal strain rate distribution around an active rift system, known as the "Loose Tooth", on the Amery Ice Shelf, East Antarctica (Fig. 1) . Results based on data collected at six GPS sites during the Antarctic summer of 2002/03 are presented. 
STUDY AREA AND OBSERVATIONS
The Amery Ice Shelf (AIS) is the largest ice shelf in East Antarctica, draining continental ice from an area of more than one million square kilometres [1] through a section of coastline that represents approximately 1.7% of the total continental circumference [6] . The Loose Tooth rift system is located at the front of the AIS and encompasses an area of about 30 km by 30 km, an area that will likely calve and produce a large iceberg in the future. The Loose Tooth rift system consists of two longitudinal-to-flow rifts (denoted L1 and L2) and two transverse-to-flow rifts (denoted T1 and T2) (Fig. 2) . Both rifts T1 and T2 occur in the transition zone where transverse-to-flow strain rates begin to exceed longitudinal-to-flow strain rates [28] . In this region the ice shelf is ~400 m thick and the ice shelf flow is approximately 3 m/day (1.1 km/year) in a north-easterly direction [2] . The T2 tip advances currently at about 4 m/day [10] . Evidence has been presented that rift propagation occurs in episodic bursts and is primarily driven by the internal glaciological stress of the ice shelf, rather than initiated by winds or ocean tides [2] . Young and Hyland [28] determined velocity and horizontal strain rates over the entire Amery Ice Shelf from InSAR measurements acquired 24 days apart. The InSAR resolution, however, is not sufficient to investigate spatial changes in strain rates in close proximity to a rift, nor can these data be used to investigate required temporal changes in strain rates. If available, these data could be used for comparison to the results of this study. However, problems were encountered with the coherence of InSAR images in the Loose Tooth area [28] , prohibiting this comparison.
The GPS network consisted of six stations spanning the area immediately behind (LTS1, LTS2), in front (LTN3, LTN2) and either side (LTN1, LTS3) of the T2 rift tip (Fig. 2) . The equipment used was a combination of Ashtech and Leica dual-frequency GPS receivers powered by batteries and solar panels, collecting data at 30 second epochs for 46 days. The GPS data were processed in daily (24-hr) sessions using the Leica SKI-Pro version 2.0 software. The elevation mask was set to 10° and IGS precise ephemerides were used. Full antenna phase centre variation models were applied, accounting for corrections depending on the azimuth and elevation of each satellite. Since the L3 ionospheric-free linear combination was deemed not reliable over the relatively short baselines in this network (distances of 1-5 km), an ionosphere model was computed from the reference station data of each baseline. The Saastamoinen model was applied to account for the tropospheric delay.
Five triangles were formed in order to investigate strain rates as a function of geometry relative to the propagating rift tip. Two triangles were located entirely on the northern and southern side of the rift respectively, while the others straddled the rift (see Fig. 2 ). In addition, all baselines were examined individually to verify data integrity and to study the time series for systematic variations.
Since the distances between sites are short (generally less than 5 km) and relative measurements between points are used, a 'vertically-stationary' (or quasi-stationary) ice shelf can be assumed where differential tidal motion and atmospheric variations between sites are assumed negligible, i.e. common systematic effects are removed. In reality, in this region the ice shelf is moving at approximately 3 m/day in a northeasterly direction [2] , [28] and experiences a vertical, tidal motion with a peak-to-peak amplitude of approximately 1-2 m [16] , [29] . However, because the size of the network is small compared to the wavelength of the tide, the differential motion due to the tide between sites is small. This is confirmed by the AIS tide model generated by [21] , which does not show any significant differences in the tidal signal between stations over such short distances (less than mm over the network). With the underlying uniform motion of the ice shelf across the network removed, any remaining relative movements between network points can then be interpreted as strain. The determination of baseline distances situated normal to the rift can be used to infer opening rates of the rift as the rift tip passes through the GPS network.
The output of the SKI-Pro processing was a set of daily baselines in terms of ITRF2000 global Cartesian coordinate differences. These coordinate differences were then transformed into a local north-east-up (NEU) coordinate system and aligned (rotated) with the local flow direction of the AIS. The local flow direction was inferred from satellite imagery to be 44° and which, in this case, is predominantly orthogonal to the rift propagation direction.
Strains and strain rates
Strains were determined in two different ways. Firstly, the daily changes in the longitudinal-to-flow (i.e. normal-to-rift) and transverse-to-flow (i.e. parallel-to-rift) components of each baseline could easily be converted into extensions/contractions in these directions since the coordinate axes were already aligned with the desired direction. This resulted in longitudinal and transverse strains for each baseline, which were then converted into strain rates by determining the change in strain over time.
The second approach is based on the difference of (horizontal) distance observations and was employed for all five triangles formed. The procedure is outlined by [4] and the basic equations used are summarised below.
The change in the horizontal distance between two points P and Q, i.e. the strain, is given by [14] :
where ∆S PQ is the change of the (horizontal) baseline length S PQ , β PQ is the bearing of the baseline in the Cartesian coordinate system (x,y), ε xx and ε yy are the extensions in the x and y directions respectively, and ε xy is the shear strain component. In this study, the x axis represents the longitudinal-to-flow (i.e. normal-to-rift) direction while the y axis refers to the transverse-to-flow (i.e. parallel-to-rift) direction. Differencing baseline observations (l 1 and l 2 ) between two epochs yields the following set of equations [4] 
where A is the design matrix based on equation (1) . For an over-determined system of observation equations, the least-squares solution for the strain components u s is then given by:
where P ∆ is the weight matrix of the observation differences, calculated using the law of the propagation of variances after scaling the SKI-Pro output in order to obtain realistic estimates (a-priori variances were scaled by 400), and Q P is the variancecovariance matrix of the resulting strain estimates which yields precision estimates of the results. The resulting strain parameters can then be converted to the widely used engineering shear strains γ 1 and γ 2 [7] :
and 2
where γ 1 refers to the engineering shear across a plane normal to the x-y plane and bisecting the x-y axes, and γ 2 represents the shear across a plane parallel to the y axis.
The maximum shear strain γ is then determined by:
The maximum and minimum principal strains and their respective azimuths are obtained by [27] 
In the present study, the daily strain estimates were used to determine six weekly strain values for the five triangles formed. Strain rates were computed from the weekly strains.
Baseline change detection using cumulative sums
Recently a technique to reveal subtle changes in baseline time series, based on the analysis of cumulative sum (CUSUM) charts, was proposed by [12] . CUSUM charts are a graphical method of change point detection and have been used for several decades. The reader is referred to [19] [12] forms the difference of two baselines that share a common site in order to reduce common systematic errors and thereby allow the detection of small changes, which would otherwise be buried within the observation noise. In practice, after removing any linear trends and periodic variations in the baseline time series, the resulting residuals are used as quasi-observations for further analysis.
CUSUM charts were generated for the baseline time series of LTS3-LTN1 and LTN1-LTN3 and then differenced for each epoch to reduce the influence of any remaining unmodelled systematic errors. If the two baselines run approximately parallel and perpendicular to the expected deformation, any hidden changes in the time series can be detected, although it should be noted that these changes will be reduced in magnitude as any common signal is removed in the difference. Any sudden change in the slope of the CUSUM indicates a shift in the mean, i.e. a jump in the baseline length. With the orientation of this baseline pair, orthogonal and parallel to the rift, we should detect any rift opening.
RESULTS AND DISCUSSION
The following sections present the results obtained and discuss the findings in terms of rift propagation, strain rates determined with the two methods and baseline change detection using cumulative sums.
Rift propagation
The shortest baseline spanning the rift, LTS3-LTN1, increases in baseline length by approximately 35 mm/day and exhibits three jumps of ~10 mm on days 1, 13 and 38 (Fig. 3) . The day numbers are relative to the start of processing (8 Dec 2002), i.e. day 1 corresponds to 9 Dec, etc. Three jumps are clearly visible in the daily change of the baseline length and the detrended longitudinal-to-flow (i.e. normal-to-rift) component of the baseline. Although the transverse-to-flow (i.e. parallel-to-rift) component does indicate two of these jumps on days 13 and 38 (Fig. 3b) , these are too small to be deemed significantnot surprisingly since the baseline is closely aligned with the longitudinal-to-flow
direction. The large 'dip' visible between day 0 and day 1 in Figure 3b may seem peculiar upon first inspection. This is an artefact that can be explained by the fact that data collection on the first day of the survey (i.e. day 0) started at ~13.00h UTC on 8 Dec, hence covering only the second half of the UTC day. When compared with the other daily solutions which are based on 24 hours of data to compute baseline components, it is clear that the resulting difference between days is smaller than usual because the motion that occurred in the first half of the day is not considered (evident in the larger upward jump in Figure 3a ). This has been confirmed by processing 12-hour solutions for the first 7 days. The results presented here confirm the findings of [2] , showing that rift propagation exhibits an episodic behaviour with bursts of about 10 mm magnitude separated by several (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) days. These bursts are not evident in the longer baselines, primarily due to the increased noise levels that prevent detection of this small amplitude signal. At the rift tip, an opening rate of 35 mm/day over the Antarctic summer period is evident.
Strain rates derived from changes in baseline components (first method)
For all baselines, the daily changes in the baseline components were converted to yearly strain rates and a 5-day running mean filter was applied to the time series. Table  1 shows the magnitude of changes in baseline length, longitudinal-to-flow (flowL) and transverse-to-flow (flowT) components and ellipsoidal height difference (corrected for earth curvature) over 46 days. The resulting mean strain rates and their standard deviations are shown in Table 2 . 
Changes in the transverse-to-flow direction are generally higher than in the longitudinal-to-flow component. LTS3-LTN1 is the only baseline where changes in both horizontal baseline components are of the same order, which can be explained by the rift opening in flowL direction. Changes in the ellipsoidal height differences are very small and not of interest in this study.
It is evident from Table 2 that transverse-to-flow strain rates are generally greater than longitudinal-to-flow strain rates, confirming the general trend shown in [28] . For baselines aligned with either the longitudinal-to-flow or the transverse-to-flow direction, the strain rates normal to this direction appear to be uncharacteristically large, which can be explained by the small coordinate component in this direction being vulnerable to variations caused by measurement noise. This translates into large strain rates that cannot be accepted as being representative of the true conditions. However, as discussed below, the strain rates obtained in the direction of the baselines have been found to be reliable.
Strain rates derived from baseline lengths and triangles (second method)
In order to investigate the distribution of strain rates as a function of geometry relative to the propagating rift, five triangles were formed and six weekly strain rate estimates were obtained based on the daily baseline lengths observed. Figure 4 shows the weekly estimates for the maximum and minimum principal strain rates as well as the azimuth of the maximum principal strain. The mean values for each parameter are also indicated. It can be seen that the weekly solutions are consistent. The largest variation is evident in triangle LTS1-LTN1-LTN2, which contains two relatively long baselines of the network. Table 3 lists the mean strain parameters obtained for each triangle and their respective standard deviations. Transverse-to-flow strain rates (ε yy ) exceed longitudinal-to-flow strain rates (ε xx ) by varying amounts across the network. On the southern side of the rift, transverse strain rates dominate and are larger by a factor of about 4 (triangle LTS1-LTS2-LTS3), while to the north, the factor reaches about 5 (LTS1-LTN1-LTN2).
In close proximity to the rift tip, values are similar with a factor of 1.5 (LTS1-LTN1-LTS3), indicating that high strain in both directions is present. In the northern triangle (LTN1-LTN2-LTN3) transverse strain rates are larger by a factor of about 2. Directly in front of the rift tip (LTS3-LTN1-LTN3) longitudinal-to-flow and transverse-to-flow strain rates are in relative balance, resulting in a maximum principal strain azimuth of 90° when taking the flow direction (44°) of the ice shelf into account. Figure 5 shows the axes and magnitudes of the principal strain rates within the network. It is obvious that transverse-to-flow strain rates exceed longitudinal-to-flow strain rates, with the exception of the balance situation in front of the rift tip. A rotation in the direction of the maximum principal strain is evident, indicating a change in the mechanics of rift fracture. Maximum principal strain rates are generally smaller at the front of the tip, compared to the situation on either side of the rift. 
Comparison of the two methods
The two methods cannot be compared directly due to the fact that the first method is based on a single baseline, while the second method uses three baselines to determine average strain parameters within a triangle. However, if comparisons are made between the strain rate in the direction of a baseline located either longitudinal or transverse to the ice shelf flow direction and the same strain parameter determined via a triangle of which the baseline is part of, then these values should be reasonably close.
Indeed, if comparing longitudinal-to-flow (ε xx ) strain rates of the two baselines LTN1-LTN2 and LTS3-LTN1 with values determined from the two triangles each of them is part of, the values agree to within ±1.5 [x 10 -3 /yr]. Similarly, transverse-toflow strain rates (ε yy ) of the baselines LTN1-LTN3 and LTS1-LTS3 agree with the values obtained by the second method at the ±2 [x 10 -3 /yr] level.
Baseline change detection using cumulative sums
The CUSUM technique was applied to two baseline pairs, i.e. LTS3-LTN1 & LTN1-LTN3 and LTS3-LTN1 & LTS3-LTS1. Both pairs include the baseline LTS3-LTN1, which contains three jumps as previous analysis has shown (see Fig. 3 ). CUSUM charts were generated for the detrended baseline length time series and then differenced between the two baselines. The resulting CUSUM charts are shown in Figure 6 . Due to the limited amount of data collected on day 0 of the survey, this day was not included in the analysis. The first baseline pair (upper graph) clearly shows a sudden change in slope on day 38 (15 Jan 2003) , another is visible to a lesser extent on day 13 (21 Dec 2002) . These coincide with the jumps evident in Figure 3 , showing that the CUSUM technique is able to detect these changes. However, as discussed by [12] , one baseline pair alone cannot be deemed reliable enough to prove that sudden deformation has taken place. The second baseline pair (lower graph in Fig. 6 (17 Jan 2003) respectively. The temporal spacing of the first and last change point is consistent with the first baseline pair, although the changes appear offset by two days. At this stage, the reason for this offset remains unknown. It is possibly due to rift mechanisms (micro-cracks) ahead of the rift or movements/opening of the crevasses aligned with the ice shelf flow direction on the southern side of the rift. The second change point may be interpreted as an artefact since it is not common to both pairs. The lack of additional pairs of perpendicular baselines across the rift precludes a more thorough investigation. However, the results demonstrate the potential of this technique.
CONCLUDING REMARKS
Strains and strain rates, in close proximity to a propagating rift system on the Amery Ice Shelf, have been determined using in-situ GPS observations. In a first approach, longitudinal-to-flow (i.e. normal-to-rift) and transverse-to-flow (i.e. parallel-to-rift) components of each baseline were investigated. An analysis of a baseline situated normal to the rift at its tip confirmed earlier findings that rift propagation occurs in episodic bursts of ~10 mm, separated by several (10-25) days, and inferred an average opening rate of ~35 mm/day during the Antarctic summer. The second approach involved strain rate determination in five triangles in a network around the rift tip. Transverse-to-flow strain rates exceed longitudinal-to-flow rates by up to a factor of 5 and maximum principal strain rates around the rift tip vary from 12 to 21 [x 10 -3 /yr]. A rotation in the direction of the maximum principal strain is evident around the rift tip, indicating a likely change in rift fracture mechanics. In addition, it was demonstrated that the analysis of cumulative sums generated by baseline pairs that are located approximately normal and parallel to the rift has the potential to detect small baseline length changes. The results presented here can be used as the basis of a future investigation into the change of strain rates around the rift tip over several years.
